Abstract. We calculate the number density and the energy density of a massive scalar particle conformally coupled to gravity produced by gravitational particle creation in the case the kination stage follows inflation. In this model, mode functions are derived in terms of exact or numerical solutions of the equation of motion without using the adiabatic approximation. We define the adiabatic vacuum in each stage and calculate the produced number density and the energy density. The resultant power spectra show that even the superheavy particle which is as heavy as or much heavier than the Hubble scale during inflation can be produced abundantly if the transition time scale from inflation to the kination stage is smaller than the inverse of the mass of the scalar field. We also give simple forms of the reheating temperature for two cases, one that the produced scalar particles decay instantly and the other that they decay when their energy density exceeds that of inflaton.
Introduction
During inflation, the energy density of the universe is dominated by either the potential energy [1] [2] [3] [4] or the kinetic energy [5, 6] of the inflaton field (see e.g. [7] for a review of inflation). The R 2 model [8] may also be regarded as a potential-driven model if analyzed in the Einstein frame [9] .
Reheating or the entropy production after inflation is achieved by decay of the inflaton field oscillation [10] [11] [12] [13] [14] [15] [16] in most potential-driven models. In the case of kinetically driven inflation [5, 6] , inflation is typically followed by a kination regime when cosmic energy density is dominated by the kinetic energy density of a free scalar field. This is also the case in some potential-driven models such as the quintessential inflation [17] In such models, reheating is achieved through gravitational particle production associated with the change of the cosmic expansion rate [18, 19] from de Sitter a(t) ∝ e H inf t to kination a(t) ∝ t 1/3 regimes with a(t) being the cosmic scale factor.
So far this problem has been analyzed by studying creation of non-conformally (often minimally) coupled massless free scalar particles [20] [21] [22] , since massless spinor and vector fields are conformally invariant and they are not created in this circumstances. However, such a minimally coupled massless scalar field φ acquires large quantum fluctuations during inflation. If it has a potential V (φ), its fluctuation will be saturated to drive its statistical distribution function to a static one ρ eq ∝ exp − 8π 2 3H 4 inf V (φ) , so that it behaves as a massive field with mass squared V ′′ (φ) depending on the long-wave field value [23] . Thus the previous analysis [20] [21] [22] applies only for the case the scalar field has a shift symmetry.
Furthermore, it may be more natural to suppose the kinetic part of the scalar field is also conformally invariant with a curvature coupling 1 12 Rφ 2 , as is often the case in models based on supergravity and superstring (see, e.g., [24, 25] ).
In the present paper we study gravitational particle production of a conformally coupled massive scalar field φ as the origin of reheating after kinetically driven inflation models [5, 6] followed by kination regime. 1 Although the particle production rate of a massive particle has been calculated [29] [30] [31] , almost all of them are based on the adiabatic (WKB) approximation. This approximation is valid only for a quasi-adiabatic situation, of course, and thus it is not suitable for the calculation of a production rate of a superheavy particle. Therefore, we solve the equation of motion for mode functions without the adiabatic approximation, obtain exact solutions both analytically and numerically, and calculate the number density and energy density of created particles. This paper is organized as follows. In section 2, we analytically solve the equation of motion for a simple case where de Sitter stage is connected to kination abruptly. We derive the exact mode function in section 2.1 and the adiabatic vacuum in section 2.2, and calculate the produced energy density in section 2.3. In section 3, we numerically solve the equation of motion in a more realistic model. We construct a new model with a smooth scale factor in section 3.1, show the result of the numerical calculation in section 3.2 and discuss its meaning in section 3.3. Our conclusion is presented in section 4. We use the natural units c = 1, = 1 and M P l = c/8πG throughout the paper.
2 Analytical calculation
Model and mode functions
We consider a massive scalar field φ(x, t) which is conformally coupled to gravity in a spatially flat Friedmann-Lemaître-Robertson-Walker (FLRW) metric. The line element is
where η and a(η) denote the conformal time and the scale factor, respectively. Here, we consider a transition from the de Sitter to the kination stage. Since the scale factor asymptotically behaves as a(η) ∝ −η −1 and a(η) ∝ η 1/2 in the de Sitter and the kination stage, respectively, we connect them at the end of inflation η = η f continuously up to the first-order derivative and obtain
where H inf denotes the Hubble constant during inflation. We may put the scale factor at the end of inflation a(η f ) to unity hereafter without loss of generality. Hence, the scale factor squared is given by
3)
The Lagrangian for a conformally coupled massive scalar field is
where R and m denote the scalar curvature and a mass of the scalar field, respectively. Varying (2.4) with respect to φ, we obtain the equation of motion (EOM) for the scalar field as
Substituting the mode expansion of the scalar field
into (2.5) and we obtain the equation of motion for the conformally rescaled mode function
Adiabatic vacuum
We can obtain the particle production rate by solving (2.7) and comparing its solution with the mode function of the vacuum state. However, there is no unique definition of the vacuum state in curved spacetime and hence we have to define in an appropriate way. We adopt so-called the adiabatic vacuum [32] . Its basic idea is as follows. If the metric of a spacetime changes so slowly or equivalently, the momentum of a particle is so large, it hardly feels the expansion of the spacetime. Therefore, mode functions of particles in this adiabatic limit should asymptotically approach those in the Minkowski space. The adiabatic vacuum is the vacuum state corresponding to the mode function which asymptotically behaves as a positive frequency mode in the Minkowski space. First, let us derive the adiabatic vacuum in the de Sitter space. Substituting (2.3) into (2.7) provided that η < −H −1 inf , we obtain the EOM in this case as
We can easily solve (2.8) on the initial condition 9) and then obtain the adiabatic vacuum in the de Sitter space π was not included since they considered a light particle such that ν ∈ R and then this factor is a physically meaningless phase factor. In contrast, in our case, ν can be imaginary and this factor becomes important. We cannot satisfy the normalization condition W [χ k , χ * k ] = 2i without this factor. Here, W is the Wronskian with respect to η defined by
π is cancelled out by this normalization and it has no effect on gravitational particle creation.
Next, the adiabatic vacuum in the kination stage. Substituting (2.3) into (2.7) with η > −H −1 inf , we obtain the EOM in this case as
The general solutions of (2.11) is
where C 1 and C 2 are constants independent of η, and
We take the adiabatic limit of (2.12) as k 2 /a 2 m 2 → ∞, and then obtain
(2.14)
Hence, we take
so that (2.12) satisfies the adiabatic condition
Thus, we obtain the adiabatic vacuum in the kinetic energy dominated flat universe as
In this paper, we call this "k-vacuum." Assuming that the universe is in the Bunch-Davies vacuum during inflation, then the solution of (2.7) is
where α k and β k are the Bogoliubov coefficients. In order to determine them, we impose a junction condition that χ in k (η) is continuous up to the first-order derivative with respect to η at η = −H −1 inf .
Gravitational particle creation
The produced particle number density is given by the Bogoliubov coefficient β k in (2.18). After some calculations, we obtain 19) where
The power spectrum of the number density n k = |β k | 2 and that of the energy density ρ k with various m are shown in Figure 1 . If m/H inf is fixed, produced energy in the Hubble volume ρ k H −3 inf does not depend on H inf . The power spectrum of the number density oscillates when k < m and decreases when k > m.
The energy density has a peak around k ∼ m. It has been widely claimed that particle creation is exponentially suppressed in the UV limit [31, 34] , however, an asymptotic form of the Bogoliubov coefficient (2.19) in the high k limit is 20) which only shows power law suppression. This appears to imply that superheavy particles could be produced much more than we expected. The number and the energy density of produced particle are shown in Figure 2 . We find
by fitting. The energy density of the scalar field seems to approach a non-vanishing value ρ φ ∼ 10 −3 H 4 inf as the mass increases. However, we should not take this result literally since we have adopted a rather unnatural scale factor of which second-order derivative is discontinuous at the transition epoch. A realistic scale factor must be always smooth.
Numerical calculation

Smoothly connected scale factor model
It is known that if a particle is non-conformally coupled to gravity and the second-order derivative of the scale factor is discontinuous, then ρ φ diverges due to a δ function-like behavior of the derivative of the scalar curvature [20] . It may be worth calculating the particle production rate with a scale factor of class C ∞ although the particle is conformally coupled to gravity in our case and hence the derivative of the scalar curvature does not emerge explicitly. 0H inf , although |β k | 2 seems to be constant for k < m, it does oscillate.) Once k exceeds m, the spectra shows power law suppression. The power spectrum of the energy density has a peak around k ∼ m.
We consider a transition from inflation to kination stages with a finite time scale ∆η > 0 and a scale factor such as
which is shown in Figure 3 . a 2 (η) monotonically increases when ∆η < 1.797H
inf and remains positive for all η when ∆η < 1.991H
inf . If ∆η becomes much larger than H inf , then the scale factor gets distorted.
Numerical results and effective temperature
Although (3.1) is more natural than the previous one (2.3), we cannot analytically solve (2.7) with this scale factor. Thus, we numerically solve the equation of motion (2.7) assuming that the mode function is the same as the positive frequency mode in the Minkowski space at far past η = η min ≪ −k −1 (i.e. |kη| ≫ 1) and calculate the Bogoliubov coefficients compared with the k-vacuum at far future η = η max ≫ H −1 inf (i.e. x ≫ 1). The obtained power spectra of the number density are shown in Figure 4 and 5 for m = 1.0H inf and m = 5.0H inf , respectively.
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2. inf , respectively. Even particles much heavier than H inf are abundantly produced.
When k is smaller than ∆η −1 , |β k | 2 shows the same general behavior as the analytical solution. This is quite natural because a typical time scale of a particle with a momentum k is k −1 and then the particle cannot feel the smoothness of the scale factor (3.1) when k −1 > ∆η. The difference between the analytical and the numerical solutions in the IR region when m = 1.0H inf (Figure 4 ) comes from the difference of the scale factor. The scale factor (3.1) is made by combining 1 1+H 2 inf η 2 with 1 + H inf η. However, since we cannot analytically solve (2.7) with the scale factor 1 1+H 2 inf η 2 , we could not help but use a slightly different scale factor in the analytical calculation. On the other hand, |β k | 2 asymptotically approaches nothing but the analytical one in the IR region as ∆η decreases when m = 5.0H inf ( Figure 5 ). It is explained as follows. Writing (2.7) in terms of the physical time t, we obtain
where the dot and H ≡ȧ/a denote t derivative and the Hubble parameter, respectively, and Figure 3 . A scale factor of class C ∞ which connects the inflation stage and the kination stage with a finite transition time scale ∆η. The squared scale factor a 2 smoothly changes its dependence on the conformal time from η −2 to η. We set ∆η = 0.5H
inf in this graph.
k/a is the physical wave number. As can be seen here, the difference in a is negligible if m is sufficiently large.
A significant difference appears in the UV region. When k is larger than ∆η −1 and the particle can feel the smoothness or, in other words, the adiabatic nature of the scale factor, |β k | 2 is suppressed not as a power-law but exponentially and the height of the plateau in k < m is also suppressed if m > ∆η −1 . This result is consistent with [35] in which they claim that n φ ∼ (m/H inf ) −(2s−3) when (d q a/dη q )/a q+1 has a discontinuity of the first kind if and only if q ≥ s, and n φ is suppressed exponentially when the scale factor is of class C ∞ .
We also find that this exponential suppression in the UV region is well approximated by the Boltzmann factor e −E/T eff with E ≡ √ k 2 + m 2 . Note, however, that this does not mean that the number density is given by the thermal distribution of a massive particle at temperature T eff , which is much larger than the actual value (see Section 3.3). The effective temperature T eff at the time of particle creation is independent of m and depends on H inf and ∆η as shown in Figure 6 . When ∆η is smaller than around 0.50H −1 inf , the reheating temperature is inversely proportional to ∆η and the fitting curve is T = 0.85T dS (H inf ∆η) −1 . When ∆η is larger than around 0.50H −1 inf , the effective temperature deviates from the fitting curve. This is because of the distortion of the scale factor (3.1) when ∆η > H inf .
Reheating temperature
In the previous subsubsection, we have derived the effective temperature just after inflation (at the beginning of the kination stage) from the power spectrum of the Bogoliubov coefficient. On the other hand, we can calculate the "real" reheating temperature provided that gravitational particle creation is a dominant reheating mechanism and produced particles decay into radiation. Since we have obtained the power spectrum of the Bogoliubov coefficient and that of the energy density, we can calculate the number density n φ and the energy density Δη=0.30H
Δη=1.0H 
Analytical
Δη=defghH inf
Δη=1.0H inf -1 Figure 5 . The power spectra of the Bogoliubov coefficient |β k | 2 with the mass m = 5.0H inf and various transition time scales 0.10H
inf . The numerically calculated Bogoliubov coefficients asymptotically approach the analytical one as ∆η → 0. Once k exceeds ∆η −1 , |β k | 2 is exponentially suppressed and the height of the plateau in k < m is also suppressed if m > ∆η −1 . ρ φ of the scalar field by integration,
We assume that the scalar field decays all at once and consider following two cases. In the first case the scalar particles decay immediately after their creation, and in the second case they decay when its energy density exceeds that of the inflaton. The former is for the sake of comparison with previous analyses [20] [21] [22] , while the latter gives the maximum possible reheating temperature in the model. First, the case that the scalar particles decay and thermalize instantly. The produced radiation energy density ρ r is equal to ρ φ given in Figure 2 and we define the temperature at that time by
where we take g * = 106.75. The temperature T decay depends on all of m, H inf and ∆η. We analyze the dependence on them one by one as follows.
A. vary H inf , (∆η, m) while fixing H inf ∆η and m/H inf .
B. vary H inf while fixing ∆η and m.
C. vary m while fixing, ∆η and H inf .
D. vary ∆η while fixing m and H inf .
Case A. The result for ∆η = 0.5H
inf and m = 2.0H inf with various Hubble parameters 0.1M * ≤ H inf ≤ 1.0M * , where M * is an arbitrary mass scale, is shown in Figure 7 . T decay is exactly proportional to H inf within the numerical error as expected. and m = 2.0M * with various Hubble parameters 0.3M * ≤ H inf ≤ 1.0M * is shown in Figure 8 . T decay seems proportional to H 0.58 inf .
Case C. The result for H inf = 1.0M * and ∆η = 0.3M −1 * with various masses 0.10M * ≤ m ≤ 10.0M * is shown in Figure 9 . T decay takes the maximum at m ∼ ∆η −1 .When m is smaller than ∆η −1 , T decay increases proportionally to m 0.54 while oscillating. This index is almost the same as that of the Hubble parameter 0.58. Therefore, we find that m and H inf have approximately the same contribution to T decay and so
Once m exceeds ∆η −1 , T decay is exponentially suppressed as T decay ∼ e −m∆η . This behavior is just like the power spectrum of the energy density ( Figure 4) . As a whole, the graph of T decay can be well fitted by a Fermi-Dirac distribution-like function is shown in Figure 10 . T decay asymptotically approaches T 0 at ∆η → 0, where T 0 refers to the radiation temperature calculated in the same way as T deacy in (3.5) for the analytic model shown in Figure 2 . Once ∆η exceeds m −1 , T decay decreases by ∆η −2 . Although it seems that T decay goes away from the line of T = T 0 /m 2 ∆η 2 , this comes from the distortion of the scale factor (3.1) when ∆η > H inf .
The results of cases A-C can be summarized as
where we have ignored the differences of the coefficients of factors smaller than 1.5. The radiation energy density at time t after the decay of the scalar field is where we let the scale factor at the beginning of the kination stage be unity just like in section 2.1. On the other hand, the background energy density after inflation, now dominated by the kinetic energy density of the infaton ρ I evolves as
It follows from (3.7)-(3.9) and the reheating condition ρ r = ρ I that the reheating temperature is given by This is smaller than the case reheating proceeds through production of minimally coupled massless scalar particles [21] , which predicts T RH ≃ 7 × 10 5 GeV for H inf = 10 13 GeV. This is because the time dependence of the effective mass term (i.e. the last term of (2.7)) is much milder in the present model. Next, the case that the scalar particles decay when their energy density exceeds that of the inflaton. The number density of the scalar field n φ decreases as a −3 . Since the power spectrum has its peak at k ∼ m (Figure 4 ,5) at the beginning of the kination stage, the scalar field soon becomes non-relativistic as the universe expands. Therefore, the energy density of the scalar field ρ φ is ρ φ (t) ≃ mn φ (t * )a(t) −3 ,
where t * is the time at the beginning of the kination stage. It follows from (3.9), (3.11) and the reheating condition ρ φ = ρ I that ρ r (t RH ) = m 2 n φ (t * GeV, (3.13) which gives the maximum possible reheating temperature for given value of m, H inf and ∆η.
Conclusion
In this paper, we analyzed the gravitational particle creation of the massive scalar particle of which mass may be larger than the Hubble parameter during inflation without the adiabatic approximation. When the inflation and the kination stages are connected continuously only up to the first-order derivative, the produced energy density asymptotically approaches a non-vanishing value as the mass increases. When the inflation and the kination stages are combined into the one analytical scale factor of class C ∞ with a finite transition time scale ∆η, which is identical to the physical time scale ∆t as we are taking a = 1 at the transition epoch, our numerical calculation shows that the produced amount of a particle heavier than ∆η −1 is exponentially suppressed, and the representation of reheating temperature is obtained as (3.10) and (3.13) in the case that the scalar field decays instantly and in the case that the scalar field decays when its energy density exceeds that of the inflaton, respectively. While we find a somewhat lower reheating temperature (3.10) than in [21] if the produced particles decay immediately. If they have a longer life time, the reheating temperature can be much higher (3.13). We also note that production of massive particles discussed here may also be helpful to realize non-thermal baryo/leptogenesis. Finally, although we considered only the case the mass of the produced particle is constant, it may be generated by an expectation value of the Higgs field, which may be spatially fluctuating due to the long-wave quantum fluctuations generated during inflation. Then this may yield a modulated reheating scenario. This issue will be reported elsewhere [36] .
